A contact zone between Heticonius erato and H. himera in southern Ecuador provides an opportunity to study the transition from races to species in Heliconiine butterflies. Genetic differentiation at 30 allozyme loci (D = 0.28) is five times greater between himera and erato than among races of erato (D <0.062). Analysis of restriction fragment length polymorphisms in an 800-bp region of the mitochondrial genome shows fixed differences between the species.
Introduction
The claim that hybrid zones have provided 'natural laboratories' for the study of speciation (Barton & Hewitt, 1989 ) may be overly optimistic. Hybrid zones in organisms as diverse as mice, grasshoppers, crickets, sunfish, toads and butterflies separate highly differentiated taxa, but the morphological, ecological and behavioural differences between hybridizing forms are broken down in contact zone populations, which consist mainly of hybrids (Hunt & Selander, 1973; Avise & Smith, 1974; Butlin & Hewitt, 1985; Mallet, 1986; Szymura & Barton, 1986 , 1991 Moore, 1987; Mallet & Barton, 1989; Rand & Harrison, 1989) . In other words, speciation has not taken place and, given that many of these zones appear to have been stable over thousands of generations, it is not clear that speciation is imminent. Although such studies permit the estimation of (1) dispersal; (2) the strength and nature of selection; and (3) even the number of loci under selection (Szymura & Barton, 1991; Barton & Gale, 1993) , *Correspondence. E-mail: c.jiggins@ucl.ac.uk 1997 The Genetical Society of Great Britain, 495 they tell us little about the coexistence of divergent genotypes.
Contact zones in which multilocus genotypic differences are maintained in mixed populations may be better natural laboratories for the study of speciation (e.g. Chu et al., 1995) . Needless to say, many of the selection pressures identified in traditional hybrid zone studies are likely to be important in speciation. For example, F1 males in crosses between Chorthippus parallelus races are completely sterile, i.e. 'Haldane's rule' (Haldane, 1922; Hewitt et a!., 1987) . It is now important to make the link between the processes operating in hybrid zones and those involved in the coexistence of species.
Heliconius butterflies provide an opportunity to study the changes associated with the transition from randomly mating racial varieties to nonhybridizing species (Jiggins et at., 1996; . Heliconius spp. show striking divergence in warning colour both within and between species. For example, there are nearly 30 parapatric colour pattern races of H. erato across the New World tropics, which coexist with races of the Müllerian co-mimic, H. melpomene (Brown, 1979) . Boundaries between these races are abrupt dines at just a few loci, maintained by strong frequency-dependent selection (in some cases s0.5, Mallet & Barton, 1989; Mallet et al., 1990) . This strong selection on colour pattern loci generates only a weak barrier to gene flow across most of the genome. There is no evidence that races differ at allozyme loci, and geographical differentiation in mitochondrial haplotypes is not concordant with colour pattern boundaries (Turner et at., 1979; Brower, 1996) .
Heliconius himera is a sister taxon to H. erato, which appears to have evolved sufficient barriers to gene flow to allow stable coexistence throughout areas of overlap. Heticonius himera replaces erato in the dry forests of south-western Ecuador and northern Peru. The taxa meet in narrow zones where mixed populations consist of only 5-10 per cent phenotypically distinguishable hybrids (Jiggins et at., 1996) . This deficit of hybrids is primarily the result of strong mating preferences . Colour pattern differences between himera and craw are defined by only a few major loci, which are likely to be under strong stabilizing selection (Benson, 1972; Mallet & Barton, 1989; . It is conceivable, therefore, that the deficit of colour pattern hybrids observed in the himera/erato hybrid zone does not reflect a genomewide pattern. Crosses between the two parental types, as well as first-and second-generation backcrosses and F2s, produce fertile and viable offspring . A combination of persistent hybridization and weak postmating isolation may permit most of the genome to recombine freely, as occurs across racial boundaries.
Here, allozyme and mtDNA markers are used to investigate genetic differentiation between himera and craw. Although nothing was known about levels of differentiation at allozyme loci, a previous study suggested marked differences (1.5 per cent sequence divergence) between mitochondrial cytochrome oxidase sequences of the two species (Brower, 1994) . However, this conclusion was based on only two himera individuals collected from northern Peru, and it is unclear whether the observation reflects fixed species differences. Extensive sampling across the range of both species allows us to address the following questions.
1 Are there genetic differences between himera and craw in addition to colour pattern differences? Jiggins et at. (1996) . Additional collections were made in allopatric populations 390 km (cyrbia; AlluriquIn, Pichincha province) and 60 km (himera; Vilcabamba, Loja province) from the contact zone centre. Throughout this paper, 'allopatric populations' are defined as all populations that contain no individuals with colour pattern markers characteristic of the other species; 'sympatric populations' are all populations that contain colour pattern alleles of both species.
Protein electroph ores/s A total of 259 individuals from allopatric populations and 411 individuals from mixed populations were analysed for electrophoretic variation. The thorax and abdomen of each individual was homogenized on ice in 80 RL of grinding buffer (Mallet et at., 1993; Emelianov et at., 1995) . The homogenate was centrifuged to remove cellular debris. Electrophoresis was performed on Helena cellulose acetate plates using two buffer systems: phosphate (0.36 per cent NaH2PO4, 0.22 per cent Na2HPO4, pH 6.3) and Tris-Gly (0.3 per cent Trizma, 1.4 per cent glycine, pH 8.6). Plates were run with samples of both species in order to ensure accurate scoring of alleles between runs. Plates were stained according to recipes described elsewhere (Mallet et at., 1993; Emelianov et at., 1995) . the 3' end of the cytochrome oxidase subunit I (COl) gene, the leucine tRNA gene and most of the cytochrome oxidase subunit II (COIl) was amplified using primer sequences 5'-CCATAATAAATTC-CAGGYCGGTTAA-3' and 5'-GAAATATTATTT-CCTCTTYFGGATCC-3'. The PCR protocol used was 40 cycles with a cycling profile of 94°C for 30 s, 50°C for 30 s and 73°C for 1.5 mm. In published sequences, there were 19 basepair substitutions between himera and erato cyrbia in this region (Brower, 1994 (Brower, , 1996 . Two of these fell within the recognition sequences of the restriction enzymes MunI and RcaI (positions 689 and 455, respectively, of Appendix fig. 1 , Brower, 1996) . This allowed the simple diagnosis of individual haplotypes through analysis of differences in restriction fragment lengths (RFLP). The PCR product was digested overnight with the two restriction enzymes (0.1 unit 1iL) at 37°C. Digestion products were separated by electrophoresis on 1.5 per cent agarose gel and detected by staining with ethidium bromide.
Analysis of data
Calculation of genetic distance and tests for deviation from Hardy-Weinberg equilibrium were performed using BJOSYS-1 (Swofford & Selander, 1989) . For sex-linked loci, X2-tests for deviation from Hardy-Weinberg equilibrium were carried out excluding all hemizygous (i.e. female) individuals. Estimates of FST were calculated using GENEPOP (Raymond & Rousset, 1995) at all loci for which data were available in all populations. This program employs the method of Weir & Cockerham (1984) to calculate 0 as an estimate of FST and tests whether these estimates differ significantly from zero using a Fisher exact test.
Two further races of H. erato, H. e. elylus (Zamora, Zamora-Chinchipe province) and H. e. lativitta (Tena, Napo province), were sampled on the eastern slopes of the Andes. These were not included in the population study because of a lack of data at several loci, but were used to generate a neighbour-joining tree (Saitou & Nei, 1987) of the three races of erato (ey1us, cyrbia and lativitta) and H. himera. The tree was drawn according to Swof- ford & Olsen (1990) using Nei's (1978) genetic distance, calculated for the 19 loci at which data were available (GPI, GOT-s, GOT-f, PGM, MPI, MDH-s, 3-P, G6-s, PK, AK, ENO, A CON-f, HBDH, ME, GPT c-GPD, 6-PGD, LA and SDH). Genetic distance and allele frequency estimates were calculated between allopatric populations of H. himera and H. erato.
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Linkage relationships between diagnostic allozyme markers were established using hybrid broods. It is relatively simple to produce crude linkage maps in Heliconius as there is no crossing-over in females (Turner & Sheppard, 1975) . Thus, only a small number of progeny are necessary to determine whether two loci are syntenic, provided the female parent is a double heterozygote. In such crosses, any recombination implies that markers lie on different chromosomes. Protein electrophoresis for 11 differentiated loci was carried out on eight backcross broods, four F1 x himera and four F1 x erato, with a minimum of 24 progeny from each. Support for synteny or otherwise is deduced from at least one of these broods. The parents of each brood were run on the same plate as the offspring. The colour patterns of Heliconius butterflies are controlled by relatively few genes of large effect (Sheppard et al., 1985; Mallet, 1989) . In the case of himera and erato, two major loci have been identified . These were also scored in hybrid broods to investigate linkage with allozyme loci.
Species index scores None of the allozyme loci was completely fixed for different alleles between the species, so introgressed alleles were difficult to identify with any certainty. 'Species index' scores were devised to give populations or individuals a numerical score, which measures their genetic similarity with allopatric himera or erato. This was carried out by weighting each allele according to the species in which it was more frequent. Only alleles that showed either a greater than 0.1 frequency difference between the two species or those only found in one species were used. Alleles most common in himera were given a score of 0 and those in erato 1 (Table 1) . Mean values were then calculated over all alleles to give a score between 0 and 1. These mean scores were calculated both for individuals (over all loci) and for each locus (summed over individuals within a population). For example, a three-locus genotype [aa, ab, ab] , where as are himera alleles and bs are cyrbia alleles, would give that individual a species index score of (0+0+0 + 1+0 + 1)/6 = 0.33. Correlations between individual locus index scores and distance from the centre of the contact zone were investigated within each species, for all populations within 30 km of the contact zone.
Results
A total of 30 enzyme loci were scored (Table 1) . Of these, eight loci were monomorphic, and at six more himera and erato shared a common allele with a frequency of >0.9 in both species. The remaining 16 polymorphic loci showed some frequency or allelic differences between the species. Six loci were virtually fixed for different alleles in himera and erato (SOD, PK, GOT-s, G6-s, A CON-s and HBDH), whereas the remainder showed frequency differences between the species and in most cases rare (Swofford & Selander, 1989) ]. Most allozyme data sets show a few significant deviations from Hardy-Weinberg equilibrium (e.g. Mallet et al., 1993; Emelianov et al., 1995) but, if there is no consistent pattern across loci or populations, these Fig. 1 Neighbour-joining tree of Heliconius himera and three races of H. erato. Heliconius erato cyrbia is from the western Andes, whereas H. e. lativitta and ely/us are from the eastern slopes. Nei's (1978) himera. Although most of the samples were from within 30 km of the contact zone, this estimate also includes samples 390 km (H. e. cyrbia) and 60 km (H. himera) from the contact zone.
In contrast, there is a sharp genetic break between himera and erato with no consistent evidence for convergence of species gene frequencies in the contact zone (Fig. 2) . Correlation analysis of species index score against distance from the centre of the zone showed only two significant associations out of 22 tests (11 loci in each species). These were 3-P in H. himera (r 0.698, P = 0.025) and A CON-s in H.
e. cyrbia (r 0.578, P = 0.05). Both of these were in the right direction to suggest introgression, i.e. gene frequencies became more similar to the other species in populations near the contact zone.
Although the correlation coefficient was significant in ACON-s, the slope of the regression line was very shallow (Fig. 2j) . In contrast, the pattern at 3-P does suggest that there was consistent introgression at this locus, although it only occurred in one direction (from erato into himera). There was, therefore, only evidence in one test Out of 22 that hybridization has significantly affected the geographical distribution of allele frequencies. Furthermore, the combined data showed no significant effects (cyrbia: r = 0.296, NS; himera: r = 0.366, NS). Indeed, the distribution of individual species index values in sympatric populations (Fig. 3) forms a bimodal distribution. The phenotypically 'pure species' form two distinct genetic clusters with the colour pattern hybrids lying between the two. If these hybrids were to be removed from the plot, there would be little difference between the allopatnc and sympatric genotypic distributions of himera and erato (Fig. 3) . Linkage analysis of himera x erato hybrid broods has identified three linkage groups among the 11 loci which show marked species differences [ 
AK-G6-s-GOT-s];
[PK-A CON-fl;
[3-P-SOD] ( Table 2 ). The latter group is X-linked. In addition, A CON-s is linked to a colour pattern locus, Cr. The lack of recombination in female Heliconius (Turner & Sheppard, 1975) analysed here (n>24). Thus, the 11 allozyme and two colour pattern loci described represent eight chromosomal linkage groups of the 21 in Heliconius erato (Brown et al., 1992) .
The mtDNA data show a similarly abrupt break between hirnera and erato. There was a fixed mtDNA haplotype difference between the species in allopatric populations, and only four himera and no erato individuals had introgressed haplotypes in sympatric populations (Table 3 ). The allozyme genotypes of these introgressed individuals suggest that three of the four could be first-generation backcrosses to himera (species index scores of the four individuals are 0.143, 0.263, 0.286 and 0.318). The pattern in hybrids was also informative. Of 11 F1 phenotypes, nine had an erato haplotype and two a himera haplotype, which implies that hybridization occurs in both directions.
There was no evidence for heteroplasmy in any 
.. 
Discussion
An important characteristic of a species is the maintenance of genetic integrity when coexisting with related taxa (Templeton, 1989) . Colour pattern differentiation between himera and erato is associated with a geographically concordant break at nuclear (D = 0.28) and cytoplasmic loci. Furthermore, despite persistent hybridization and no hybrid
The Genetical Society of Great Britain, Heredity, 79, 495-505. sterility or inviability (McMillan et at., 1997), Heliconius himera and erato maintain their genetic differences in sympatry. Throughout the contact zone, there is almost complete linkage disequilibrium between colour pattern, mtDNA and allozyme markers. Linkage analysis shows that these multilocus genetic differences map to eight of the 21 chromosomes in H. erato. This implies that barriers to gene flow are dispersed across the genome and not just associated with a few strongly selected colour pattern lóci.
The abrupt genetic break between himera and erato is far larger than any differentiation acquired solely through isolation by distance. Across western Ecuador, no evidence for population structure within either species was found. This is largely in agreement with previous studies of H. erato, which showed no large frequency or fixed differences between populations from as far apart as Trinidad, Panama, western Ecuador and Peru (Turner et al., 1979; Silva & Arailljo, 1994; J. Mallet, unpublished observations) . The allozyme cluster analysis shows that races of erato from both sides of the Andes cluster together with D0.06 (Fig. 1) . In contrast, the genetic break between himera and erato is five times greater and occurs over the space of just a few kilometres. The barrier to gene flow is highlighted by the lack of mtDNA introgression. Because cytoplasmic markers are less likely to be linked to genes involved in reproductive, behavioural or ecological differ-
.u ences, they might he expected to introgress more readily than nuclear markers (Barton & Jones, 1983) . This prediction is supported by a number of studies, which have shown introgression of mtDNA across strong barriers to nuclear gene flow, such as hybrid zones or even between reproductively isolated sympatric species (Takahata & Slatkin, 1984; Gyllensten et a!., 1985) . However, there is little evidence for introgression in himera and erato, in which only four introgressed mtDNA haplotypes were found among 383 individuals sampled from mixed populations.
Despite the abrupt transition at many unlinked loci, there is some evidence for differential effects of selection among allozyme loci and even gene flow across this species boundary. Allozyme loci fall into three distinct groups (Fig. 4) (Kimura, 1983) . When loci are compared within a population, thus eliminating variation in population size, levels of heterozygosity will reflect mutation rate. If the patterns observed at different loci were solely a result of neutral divergence, those loci with higher levels of heterozygosity would be expected to show the greatest differentiation. This is not the case and there is no relationship between divergence (0) and overall heterozygosity (r = 0.02; NS), which suggests that the differences between loci cannot be explained by neutral theory alone. Similar patterns have been observed in studies of sibling species, such as Drosophila pseudoobscura and D. persimilis (Prakash, 1976) , and may indicate that loci are subject to different evolutionary pressures (Takahata & Siatkin, 1984) . For example, faster rates of divergence might result from disruptive selection on protein differences (Feder et at., 1997) , whereas slower rates of divergence could be caused by either gene flow across the species barrier or stabilizing selection on polymorphisms (Watt, 1983; Watt et al., 1983; Bancroft et at., 1995) .
Marked differences between loci are also evident in phylogenetic comparisons of himera with the races of erato. MtDNA data imply a similar level of divergence between west and east Andean erato as between erato and himera (1.5-2 per cent sequence divergence in the mitochondrial COl and COlT genes; Brower, 1994) . In contrast, allozyme data show himera to be strongly differentiated from all the races of erato (Fig. 1) 
13 Cr x +, Markers shown to be linked; -, markers shown to be unlinked. Markers 12 and 13 are colour pattern loci . Data in brackets were not tested explicitly but are inferred from other linkage relationships. SOD and 3-P are sex linked. All individuals are classified into hybrid classes according to colour pattern phenotype (Jiggins et al., 1996) . The mtDNA haplotype of each individual was determined using an RFLP analysis.
for this discordance are, first, stabilizing selection on allozymes within erato (e.g. Karl & Avise, 1992) , and secondly, disruptive selection on protein loci between himera and erato. Disruptive selection is likely to result from adaptation to novel environments, such as the shift from dry to wet forest which occurs across the himeralerato hybrid zone (Jiggins et al., 1996) . In the future, gene genealogies of proteincoding loci will provide a promising means of differentiating the effects of selection and gene flow among loci.
The apparent strength of the barrier to gene flow between H. himera and H. erato is perhaps surprising in the light of the observed level of hybridization.
However, the lack of completely fixed species differThe Genetical Society of Great Britain, Heredity, 79, 495-505.
ences and the marked differences in rates of divergence between loci probably indicate that some interspecific gene flow occurs. The barrier to gene flow is sufficient to allow the accumulation of neutral or divergently adaptive differences, but may be permeable to the spread of globally advantageous alleles.
The pattern described provides a marked contrast, not only with racial hybrid zones in H. erato, but with most other hybrid zones described in the literature, in which even highly differentiated taxa mate randomly and the genomes recombine freely when in contact. For example, when the distribution of ailozyme hybrid index scores is plotted for a Fig. 4 Estimated interspecific FST values at all polymorphic loci. These were calculated between combined allopatric populations of Heliconius himera and H. craw cyrbia. The trimodal pattern is not compatible with divergence through random drift (see Discussion) and suggests that at least some of these loci must be influenced by selection or gene flow across the species boundary.
tion (Szymura & Barton, 1986; Barton & Gale, 1993) . Similarly, in the centre of hybrid zones between Mus musculus musculus and M. m. domesticus, there is no deviation from Hardy-Weinberg equilibrium at allozyme loci (Hunt & Selander, 1973) . In contrast, across the himera/erato contact zone, parental genotypes coexist despite hybridization, which allows identification of the processes that prevent homogenization of gene pools in the early stages of species formation. In the case of himera and erato, the barrier to gene flow is most probably a result of divergence in mate preferences, warning colour and ecology without hybrid inviability or sterility (Jiggins et a!., 1996; .
Examples such as this can truly be considered 'natural laboratories' for the study of speciation. 
